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ABS TRACT 

A o n e - t u r n  loop  of 0.O1Ott d i a  Nb-25% Z r  w i r e  h a s  been  
t e s t e d  i n  t ime-va ry ing  t r a n s v e r s e  magnet ic  f i e l d s  i n  a n  
a t t e m p t  t o  s e e  r a p i d  o r  c a t i s t r o p h i c  f l u x  p e n e t r a t i o n .  A 
one- tu rn  Cu s e a r c h - c o i l  was used  t o  mon i to r  t h e  f i e l d .  F lux  
p e r t u r b a t i o n s  were s e e n  b u t  were f i n a l l y  a t t r i b u t e d  t o  
l o c a l i z e d  f l u x  changes  i n  t h e  s u p e r c o n d u c t i n g  s o l e n o i d  used  
t o  s u p p l y  t h e  e x t e r n a l  f i e l d .  

I n  a second exper iment ,  t h e  mul t i -p robe  s o l e n o i d  w a s  
d r i v e n  normal  i n  e x t e r n a l  f i e l d s  be tween  0 and 18.7 kG. 
The l o c a t i o n  of  t h e  normal r e g i o n  moved p r o g r e s s i v e l y  from 
t h e  h i g h - f i e l d  i n n e r  windings of  t h e  mul t i -p robe  c o i l  t o  
t h e  g e o m e t r i c a l  ends  of  t he  c o i l  as t h e  e x t e r n a l  f i e l d  
ranged  from z e r o  t o  maximum.  

a S e v e r a l  0.010'' d i a  Ti-22 / o  w i r e s  were drawn and h e a t -  
t r e a t e d  t o  p r o v i d e  a v a r i e t y  i n  m e t a l l u r i g i c a l  s t r u c t u r e  and 
c r i t i c a l  c u r r e n t s .  Twenty o f  30 samples  have been h e a t -  
t r e a t e d  and seven  of  t h e s e  have  been  s u b j e c t e d  t o  m e t a l l o g r a p h y  
and c r i t i c a l  c u r r e n t  d e n s i t y  v e r s u s  t r a n s v e r s e  f i e l d  tes ts .  
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I. SUPERCONDUCTING WIRE LOOP 

A. D e s c r i p t i o n  

The o b j e c t  o f  t h i s  experiment  w a s  t o  s e a r c h  f o r  r a p i d  o r  

c a t o s t r o p h i c  f l u x  p e n e t r a t i o n  i n t o  a one- turn  l o o p  o f  Nb-25% Z r  

wire.  The l o o p  and  s e a r c h  c o i l s  were o r i e n t a t e d  p e r p e n d i c u l a r  t o  

a t ime-vary ing  magnet ic  f i e l d  and s e c u r e d  w i t h  a T e f l o n  h o l d e r  as 

shown i n  F i g u r e  l a .  The mounting a n d  c i r c u i t r y  ( F i g u r e  l b )  a r e  

d i s c u s s e d  below. 

One s e a r c h  c o i l  (SC-1)  and t h e  Nb-Zr wire a re  h e l d  i n  c l o s e  

p r o x i m i t y  w i t h  a V groove  i n  t h e  T e f l o n  h o l d e r .  A second s e a r c h  

c o i l  (SC-21, which i s  removed 0.2" from t h e  Nb-Zr l o o p ,  i s  used  

t o  m o n i t o r  background n o i s e  and check f o r  c o i n c i d e n c e s  between 

f l u x  jumps i n  t h e  Nb-Zr l o o p ,  seen by SC-1, and t h e  e x t e r n a l  

s u p e r c o n d u c t i n g  s o l e n o i d .  The ends o f  t h e  N b - Z r  l o o p  bend 90" and 

p a s s  a l o n g  t h e  T e f l o n  r o d ,  p a r a l l e l  t o  t h e  f i e l d ,  t o  t h e  l o w - f i e l d  

r e g i o n  where a s u p e r c o n d u c t i n g  p r e s s u r e  j o i n t  i s  made. V o l t a g e  

p r o b e s  a r e  a t t a c h e d  t o  t h e  Nb-Zr l e a d s  as shown. The v a r i o u s  w i r e s  

a r e  s e c u r e d  w i t h  a d h e s i v e  Mylar t a p e  and t h e  a p p a r a t u s  i s  i n s e r t e d  

i n  a 0.75" i . d .  s u p e r c o n d u c t i n g  s o l e n o i d .  The Nb-Zr wi re  i s  s e c u r e d  

between t h e  machined V groove  and t h e  magnet c o i l  form w i t h  a snug 

f i t .  

The two s e a r c h - c o i l s  and t h e  Nb-Zr l o o p  v o l t a g e  p r o b e s  a r e  moni tored  

w i t h  a T e k t r o n i x  Type 555 o s c i l l o s c o p e  i n  c o n j u n c t i o n  w i t h  e i t h e r  a 

T e k t r o n i x  Type E ,  h i g h - g a i n  p l u g - i n  u n i t ,  o r  a T e k t r o n i x  Type 1121 

p r e - a m p l i f i e r  powering a Type L p l u g - i n  u n i t .  The Type E p l u g - i n  

h a s  a s e n s i t i v i t y  o f  50 BV/cm bu t  i s  l i m i t e d  i n  its f r e q u e n c y  r e s p o n s e ,  

a t  t h i s  s e n s i t i v i t y ,  t o  20-60 kC. The 1121 p r e a m p l i f i e r  and Type L 

a r r a n g e m e n t  h a s  15 nanosec r ise- t ime and  a s e n s i t i v i t y  l i m i t e d  by t h e  

50 UV r m s  n o i s e  l e v e l  o f  t h e  1121 p r e a m p l i f i e r .  

The s u p e r c o n d u c t i n g  s o l e n o i d ,  r a t e d  a t  5.00 kG/A w i t h  a maximum 

f i e l d  of 49 kG, i s  powered by a n  e l e c t r o n i c a l l y  c o n t r o l l e d ,  r e g u l a t e d  

dc power supply.  T h i s  c o n t r o l l e d  s u p p l y  c a n  d e l i v e r  up t o  100 A a t  

ramp rates o f  0.001 A/sec t o  10 A/sec w i t h  a c u r r e n t  r i p p l e  l e s s  

t h a n  10 mA. 
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B, Exper imen t s  

Three  s e p a r a t e  e x p e r i m e n t s  were run .  I n  t h e  f i r s t  expe r imen t ,  

t h e  s u p e r c o n d u c t i n g  l o o p  w a s  c l o s e d  and would s u s t a i n  i n d u c e d  

p e r s i s t e n t  t r a n s p o r t  c u r r e n t s .  The e x t e r n a l  f i e l d  w a s  i n c r e a s e d  a t  

a r a t e  of 200 gauss / sec .  A t  app rox ima te ly  5CW g z u s s  i n t e r v a l s ,  the 

l o o p  v ~ o u l a  go normal.  A t j r i c a l  ? u i s e  s e e n  b y  t n e  p ick-up  l o o p  SC-1 

i s  shown i n  r ' i gu re  2a. !the t r apped  f l u x  is t h e  a r e a  under  t n i s  
v o l t a g e  t r a c e  and e q u a l s  70 maxwells, The c o u p l i n g  c o e i f i c i e n t  

between t h e  Nb-Zr l o o p  and SC-l i s  c a l c u l a t e d  t o  b e  d . 7 ,  assuming 

a u.u04~'  gap between t n e  two w i r e s  (0.u01" i n s u l a t i o n  on each  w i r e  and 

a n  e s t i m a t e d  u.0~2~' gap due t o  p o s i t i o n i n g  e r r o r s ) .  Thus,  t h e  Nb-Zr  
70 l o o p  s h i e l d e d  -- = 100 maxwells. u. 7 

t h e  f l u x  due t o  a t r a n s p o r t  c u r r e n t  i n  t h e  t e s t  l o o p  i s  (D = 5.6 
From a n  IBM 7094 c a l c u l a t i o n ,  

T h i s  v a l u e  i s  c o n s i s t e n t  w i t h  p r e v i o u s  f i n d i n g s A  which showed t h a t  t h e  
dH - i n d u c e d ,  s u p e r - c u r r e n t  i n s t a b i l i t i e s  i n  t h i s  w i r e  ( u n s t a b l e  Type A )  d t  
began a t  &20A, T h e r e f o r e ,  t h e  r e s u l t s  o f  t h i s  one - tu rn  s o l e n o i d  

s i m u l a t i o n  a r e  c o n s i s t e n t  with t h e  s h o r t - w i r e  i n s t a b i l i t y  t e s t s ,  

The t r a p p e d  f l u x  o f  ,100 maxwells i s  e q u i v a l e n t  t o  a n  e x t e r n a l  

f i e l d  change o f  280 gauss ,  S i n c e  S N  t r a n s i t i o n s  o c c u r r e d  f o r  a n  

e x t e r n a l  f i e l d  change o f  500 gauss, t h e  r ema in ing  220 g a u s s  c o u l d  

r e s u l t  f r o n  c o n t i n u a l  f i e l d  p e n e t r a t i o n  v h i l e  t h e  sample i s  r e c o v e r i n g  

from t h e  SN t r a n s i t i o n .  

It i s  d o u b t f u l  t h a t  t h e  loss o f  f l u x  i s  due t o  f l u x  c r e e p  as 

d e s c r i b e d  by K i m ,  Hempstead, and S t r n a d  "' b e c a u s e  s u c h  u n s t a b l e  

w i r e s  do n o t  a p p e a r  t o  p e r m i t  o b s e r v a b l e  f l u x  c r e e p  d u r i n g  our 
l a b o r a t o r y  t i m e  s c a l e .  

I n  t h e  second expe r imen t ,  t h e  s u p e r c o n d u c t i n g  l o o p  i s  open 

c i r c u i t e d .  I n  t h i s  c o n f i g u r a t i o n ,  no t r a n s p o r t  c u r r e n t  can  e x i s t  i n  
t h e  l o o p ,  and any p e r t u r b a b i o n  i n  t h e  magnet ic  f i e l d  a d j a c e n t  t o  t h e  

w i r e  must b e  due t o  m a g n e t i z a t i o n  c u r r e n t s  i n  t h e  Nb-Zr l o o p ,  I f  

t h e s e  c u r r e n t s  r e a c h  s a t u r a t i o n ,  f l u x  p e n e t r a t i o n  i n t o  t h e  w i r e  can  

o c c u r  and p u l s e s  might  be  s e e n  i n  SC-1. 
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The e x t e r n a l  f i e l d  was aga in  swept  and p u l s e s  l i k e  t h e  one 

r e c o r d e d  i n  F i g u r e  2b were seen  from SC-1. The upper  t r a c e  w a s  

r e c o r d e d  u s i n g  t h e  Type E p lug - in  w h i l e  t h e  l o w e r  t r a c e  w a s  

r e c o r d e d  u s i n g  t h e  T e c t r o n i x  1 1 2 1  wide-band a m p l i f i e r .  The lower  

t r a c e  i s  a f a c t o r  o f  10 f a s t e r  and shows no a d d i t i o n a l  c h a r a c t e r  

o t h e r  t h a n  n o i s e .  The f l u x  change r e g i s t e r e d  i s  a p p r o x i m a t e l y  0.1 

maxwells.  

Co inc idence  o b s e r v a t i o n s  between SC-1 and t h e  v o l t a g e  p r o b e s  / 

a c r o s s  t h e  s u p e r c o n d u c t i n g  loop ,  s e e  F i g u r e  3a, show t h a t  b o t h  w i r e s  

s e e  a n e t  f l u x  change and t h a t  t h i s  change w a s  g r e a t e r  i n  t h e  Nb-Zr 

loop .  SC-2 was a l s o  moni tored ,  and p u l s e s  s i m i l a r  t o  t h o s e  s e e n  

from SC-1 were found b u t  d i d  not  c o i n c i d e  w i t h  t h e  SC-1 e v e n t s .  It 
a p p e a r s  t h a t  t h e  p u l s e s  o r i g i n a t e d  i n  t h e  super-magnet b u t  were 

l o  c a l i z  ed . 
I n  a t h i r d  expe r imen t ,  conducted t o  c o n f i r m  t h e  o r i g i n  o f  t h e s e  

p u l s e s ,  t h e  Nb-Zr l o o p  w a s  r e p l a c e d  w i t h  a O.OIO1l d i a  copper  wi re .  

The p r e c e e d i n g  exper iment  w a s  r e p e a t e d  and t h e  p u l s e s  shown i n  

F i g u r e  3b were obse rved  from the  O.OIO1l d i a  coppe r  w i r e  loop .  

l o w e s t  v o l t a g e  t r a c e  is n o i s e ,  t h e  i n t e r m e d i a t e  t r a c e  shows t y p i c a l  

small p u l s e s ,  and t h e  l a r g e s t  p u l s e ,  though p a r t i a l l y  b l anked  by t h e  

s c o p e ,  i s  e s s e n t i a l l y  t h e  same a s  s e e n  i n  t h e  Nb-Zr l o o p  i n  F i g u r e  3a. 
The l a r g e s t  p u l s e s  were observed  i n  t h e  same f i e l d  r a n g e  (10-20 kG), 

as t h o s e  s e e n  from s e a r c h  c o i l s  and  t h e  Nb-Zr l o o p  ( F i g u r e s  2b-3a).  

Thus,  t h e  p u l s e s  obse rved  i n  the  second expe r imen t  o r i g i n a t e d  i n  t h e  

wind ings  o f  t h e  super-magnet immedia te ly  a d j a c e n t  t o  t h e  Nb-Zr loop 

The 

C. C o n c l u s i o n s  

S e v e r a l  c o n c l u s i o n s  can  be drawn from t h e s e  exper iments .  F i r s t ,  

c r i t i c a l  c u r r e n t s  i n  one - tu rn ,  s u p e r c o n d u c t i n g  l o o p s  p a r a l l e l  s o l e n o i d  

and  s h o r t  sample c u r r e n t  behavior  q u i t e  c l o s e l y  i n  t h a t  t h e  l o o p  

c r i t i c a l  c u r r e n t  is e s s e n t i a l l y  t h e  same as s o l e n o i d  c r i t i c a l  c u r r e n t s  

( - 1 8 A )  and a l s o  t h e  same as t h e  maximum s t a b l e  s u p e r - c u r r e n t  found 

i n  s h o r t  sample t e s t s  of  t h e  same w i r e .  Second,  f l u x  jumps c o u l d  n o t  

b e  d e t e c t e d  i n  t h i s  s i n g l e  t u r n  s o l e n o i d  s i m u l a t i o n  w i t h  t h e  s i n g l e  

l oop  s e a r c h  c o i l s .  T h i r d ,  a s u p e r c o n d u c t i n g  s o l e n o i d  can  b e  a n o i s y  

s o u r c e  i n  t r a n s i e n t  magnet f i e l d  work. However, super-magnets  s h o u l d  
b e  v e r y  q u i e t  f o r  c o n s t a n t  f i e l d  work, e s p e c i a l l y  i f  p e r s i s t e n t  s w i t c h e s  

are  employed. 
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11. MULTI-PROBE SOLENOID STUDIES 

A. Tests  i n  E x t e r n a l  F i e l d s  

The mul t i -p robe  s o l e n o i d  has  been  t e s t e d  i n  e x t e r n a l  f i e l d s  

u? t o  18.7 kG. The e x t e r n a l  f i e l d s ,  s u p p l i e d  by a 7 cm i . d . ,  20 cm 

l o n g  s u p e r c o n d u c t i n g  s o l e n o i d ,  were homogeneous t o  + 10% o v e r  t h e  

volume o f  t h e  mul t i -p robe  s o l e n o i d .  During a l l  t e s t s ,  t h e  e x t e r n a l  

f i e l d ,  H w a s  h e l d  c o n s t a n t ,  whi le  t h e  s e l f - f i e l d  o f  mul t i -p robe  

magnet ,  H 

a n  S N  t r a n s i t i o n  o c c u r r e d .  

t h e  magnet c o r e  s e n s i n g  a r r a y  d e s c r i b e d  i n  p r e v i o u s  r e p o r t s .  I n  a l l  

t e s t s ,  H and H were i n  t h e  same d i r e c t i o n  and were t h e  c e n t r a l  

f i e l d s  o f  t h e  r e s p e c t i v e  s o l e n o i d .  

- 

e '  
w a s  i n c r e a s e d  a t  a c o n s t a n t  r a t e  of  100 g a u s s / s e c  u n t i l  

The normal  r e g i o n  w a s  t h e n  mapped u s i n g  
m' 

e m 

F i g u r e  4 i s  a p i c t u r e  o f  t he  mul t i -p robe  s o l e n o i d ,  s o l e n o i d  

s u p p o r t ,  and magnet ic  c o r e  s e n s i n g  a r r a y .  F i g u r e s  5a-f a r e  c r o s s -  

s e c t i o n a l  views of  t h e  mul t i -probe  wind ings  and show t h e  l o c a t i o n  

and shape  o f  t h e  normal r e g i o n  a f t e r  each  t r a n s i t i o n .  Examinat ion  

o f  t h e s e  f i g u r e s  r e v e a l s  t h e  f o l l o w i n g  p a t t e r n .  The normal  r e g i o n  i s  
l o c a t e d  n e a r  one end o f  t h e  s o l e n o i d  when H = 20 k G  ( F i g u r e s  5a-c) .  

A t  l ower  v a l u e s  o f  He  ( F i g u r e  5a), t h e  normal  r e g i o n , i s  c o n c e n t r a t e d  

i n  t h e  c o i l ,  b u t  i n c l u d e s  p a r t  of t h e  c e n t r a l ,  i n n e r  windings .  A t  

s t i l l  lower  f i e l d s  ( F i g u r e  5e ) ,  t h e  s h a p e  of  t h e  normal  r e g i o n  

a p p r o a c h e s  t h a t  f o r  no e x t e r n a l  f i e l d ,  i n  which t h e  e n d s  of t h e  c o i l  

r ema in  supe rconduc t ing .  The normal r e g i o n s  i n  F i g u r e s  5a, b ,  and c 
a r e  r e l a t i v e l y  small, p o s s i b l y  because  t h e r e  i s  l e s s  magnet ic  ene rgy  

t o  p r o p a g a t e  t h e  normal  r e g i o n  t h a n  i n  t h e  s u b s e q u e n t  t e s t s .  

e 

When t h e  m u l t i - p r o b e  expe r i enced  a n  SN t r a n s i t i o n ,  t h e  e x t e r n a l  

s o l e n o i d  would go normal a l s o ,  and i t  i s  n o t  known which c o i l  w a s  t h e  

i n i t i a t o r .  T h i s  q u e s t i o n  is  t o  b e  r e s o l v e d .  No m a t t e r  which c o i l  

i n i t i a t e d  t h e  t r a n s i t i o n s ,  a n  i m p o r t a n t  r e s u l t  i s  t h a t  t h e  t r a n s i t i o n  

w a s  t r a n s f e r r e d  t o  t h e  second c o i l  e l e c t r o m a g n e t i c a l l y  i n s t e a d  o f  

t h e r m a l l y  b e c a u s e ,  i n  eve ry  t r a n s i t i o n  t n e  m u l t i - p r o b e  . i i n d i n g s  

between t h e  e x t e r n a l  solenoid and t h e  normal  r e g i o n s  i n  t h e  m u l t i -  

p robe  c o i l  remain  supe rconduc t ing .  
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B. Tests of Magneto-Resistance Probes 

Non-inductively wound, copper-wire, magneto-resistance probes 

have been constructed and tested for sensitivity in fields up to 
15 kG. A sensitivity of 2 gauss or -0.01% has been achieved. In 

the event that extended multi-probe studies appear informative, 

local fields can be monitored with the above probes imbedded in the 

windings . 
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111. Ti-Nb CHARACTERIZATION 

The m e t a l l u r g i c a l  p o r t i o n  o f  t h i s  program is d e s i g n e d  t o  

produce  v a r i a t i o n s  i n  t h e  s u p e r c o n d u c t i n g  p r o p e r t i e s  ( i n  p a r t i c u l a r ,  

s h o r t  sample and  magnet c r i t i c a l  c u r r e n t s ,  m a g n e t i z a t i o n ,  a n d  u p p e r  

c r i t i c a l  f i e l d )  o f  t h e  s e l e c t e d  Ti-Nb a l l o y  t h r o u g h  m e t a l l u r g i c a l  

t r e a t m e n t ;  s p e c i f i c a l l y  v a r i a t i o n s  i n  d e f e c t s  and d e f e c t  d e n s i t y  by 

h e a t  t r e a t m e n t .  U l t i m a t e l y ,  s u p e r c o n d u c t i n g  p r o p e r t i e s  w i l l  be com- 

p a r e d  w i t h  m e t a l l u r g i c a l  s t r u c t u r e  i n  a n  a t t e m p t  t o  u n d e r s t a n d  how t o  

c o n s t r u c t  b e t t e r  s u p e r c o n d u c t o r  magnet material .  E f f o r t  d u r i n g  t h e  

r e p o r t  p e r i o d  was i n  cold-drawing t h e  swaged 0.025" d i a  Ti-22 a /o  Nb 

w i r e  t o  0.010" d i a ,  post-draw a n n e a l i n g  samples  o f  t h e  w i r e ,  and  

e v a l u a t i o n  of  some o f  t h e  m e t a l l u r g i c a l  and s u p e r c o n d u c t i n g  p r o p e r t i e s  

o f  t h e  samples .  

P r i o r  t o  drawing ,  t h e  swaged 0.025" d i a  wire was s t r e s s - r e l i e v e d  

a t  550°C f o r  4 hours .  For  t h i s  a n n e a l ,  t h e  wire was e n c a p s u l a t e d  u n d e r  

a dynamic vacuum o f  <10 mm Hg i n  a n  o u t g a s s e d  q u a r t z  combust ion t u b e  

t h a t  was packed w i t h  a Z r  g e t t e r .  

r u p t u r i n g  t h e  q u a r t z  t u b e  under  quenching o i l .  At tempts  t o  cold-draw 

t h e  a n n e a l e d  0.02511 wire  w i t h  c o n v e n t i o n a l  drawing t e c h n i q u e s  and d i e  

l u b r i c a n t s  were u n s u c c e s s f u l .  

t h e  wire  r e n d e r e d  i t  drawable.  The wire  c o u l d  t h e n  b e  r e d u c e d  5-10% 

(0.001") p e r  drawing p a s s  t o  t h e  0.O1Of1 d i a m e t e r .  

was e x p e r i e n c e d  d u r i n g  t h e  i n i t i a l  few p a s s e s  (down t o  0.020"),  b u t  

t h i s  w a s  a t t r i b u t e d  t o  t h e  poor  s u r f a c e  c o n d i t i o n  o f  t h e  as-swaged 

wire. The t h i c k n e s s  o f  t h e  anodized l a y e r  was n o t  c r i t i c a l .  The 

a n o d i z i n g  t r e a t m e n t  u s e d  a s a t u r a t e d  o x a l i c  a c i d  s o l u t i o n  w i t h  a 

s t a i n l e s s  s t e e l  c a t h o d e .  Although t h e  a n o d i z e d  l a y e r  c o u l d  be formed 

w i t h  p o t e n t i a l s  between 5 and 75 V ,  22  t o  25 V were found t o  p r o v i d e  

t h e  most a d h e r e n t  f i l m  and ,  t h e r e f o r e ,  t h e  b e s t  drawing l u b r i c a n t .  

-5 

The a n n e a l e d  wire  w a s  quenched by 

We s u b s e q u e n t l y  found t h a t  a n o d i z i n g  

Some d i f f i c u l t y  

H a l f  of  t h e  wi re  was g i v e n  an i n t e r m e d i a t e  8 0 0 0 ~  a n n e a l  a t  0.016~1 

d i a .  Although t h i s  r e n d e r e d  t h e  material more d u c t i l e ,  t h e  wire work- 

h a r d e n e d  more r a p i d l y  and d i s p l a y e d  a g r e a t e r  tendency  t o  s e i z e  i n  t h e  

d i e  a n d  b r e a k  a t  h i g h  drawing speeds t h a n  d i d  t h e  550°C a n n e a l e d  wire .  

7 



The r e a s o n  f o r  t h i s  i s  n o t  r e a d i l y  a p p a r e n t  s i n c e  t h e  h i g h e r  

t e m 2 e r a t u r e  a n n e a l  supposedly  r e s u l t s  i n  a s i n g l e - p h a s e  m a t e r i a l .  A 

d e g r e e  of  m a t r i x  c o n t a m i n a t i o n  with i n t e r s i t i t i a l  i m p u r i t i e s  o f  oxygen, 

n i t r o g e n  o r  hydrogen and t h e  r e s u l t a n t  f o r m a t i o n  o f  a second p h a s e  may 

be  t h e  c a u s e  o f  t h i s  anomalous behav io r .  

Heat  t r e a t m e n t s  of  t h e  G.Cl0"  d i a  w i r e  a r e  i n  p r o g r e s s  a c c o r d i n g  

t o  t h e  s t a t i s t i c a l l y - b a s e d  s c h e d u l e  shown i n  F i g u r e  6. Two 4'' l o n g  

samples  a re  a n n e a l e d  a t  e a c h  t i m e  and t e rxpe ra tu re .  One sample i s  

f o r  m e t a l l u r g i c a l  e x a m i n a t i o n s  and m a g n e t i z a t i o n  and T t e s t s .  The 

s e c o n d  sample is b e n t  b e f o r e  annea l  i n t o  h a i r - p i n  s h a p e  f o r  t h e  J 

v e r s u s  t r a n s v e r s e  H t e s t s .  The first twenty samples  have been a n n e a l e d .  

P r e -  and p o s t - a n n e a l  room-temperature r e s i s t i v i t i e s  have been d e t e r m i n e d  

f o r  most o f  t h e s e  twenty  samples  as w e l l  a s  f o r  t h e  as-drawn 550°C and 

8 0 0 O C  w i r e .  

a l s o  been completed on samples  1-7 and  t h e  as-drawn wi re .  T y p i c a l  

m i c r o s t r u c t u r e s  are shown i n  F i g u r e s  7-16. 

C 

C 

These d a t a  a r e  t a b u l a t e d  i n  T a b l e  I. K e t a l l o g r a p h y  h a s  

C r i t i c a l  c u r r e n t s  as a f u n c t i o n  of  t r a n s v e r s e  a p p l i e d  f i e l d s  

have a l s o  been measured f o r  samples 1-7 and t h e  as-drawn wires.  The 

r e s u l t s  are p r e s e n t e d  i n  F i g u r e  17. Although s u f f i c i e n t  d a t a  a r e  n o t  

y e t  a v a i l a b l e  t o  f i r m l y  f i x  t h e  dependence of  J on a n n e a l i n g  t i m e  and 

t e m p e r a t u r e ,  t h e  p r e s e n t  r e s u l t s  a r e  v e r y  e n c o u r a g i n g  s i n c e  t h e  c r i t i c a l  

c u r r e n t  c a p a c i t y  o f  t h i s  m a t e r i a l  i s  r e s p o n s i v e  t o  b o t h  t i m e  and temper- 

a t u r e  v a r i a t i o n s .  

C 

A s o l e n o i d  f o r  u s e  i n  t h e  rncgne t i za t ion  measurements o f  t h e  Ti-Nb 

w i r e s  i s  under  c o n s t r u c t i o n .  A moving s e a r c h - c o i l  a r rangement  i s  a l s o  

b e i n g  c o n s t r u c t e d  f o r  measur ing  t h e  m a g n e t i z a t i o n  o f  t h e  0.010" d i a  

w i r e  samples .  The s e n s i t i v i t y  of t h i s  a r rangement  w i l l  b e  a b o u t  10 

maxw e 1 1 s . 
-3 

. 
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IV. SUMNARY AND FUTURE PLANS 

The i n v e s t i g a t i o n  o f  f l u x  jumping i n  i n d i v i d u a l  w i r e s  and o f  

SN t r a n s i t i o n s  i n  s o l e n o i d s  h a s  been u n r e v e a l i n g .  The former  e x p e r i -  

ment showed t h a t  f l u x  jumps c o u l d  n o t  be  d e t e c t e d  i n  an open one- 

t u r n ,  Nb-Zr l o o p .  The l a t e r  experiment  showed t h a t ,  a l t h o u g h  t h e  

SN t r a n s i t i o n s  can  b e  f o l l o w e d  and mapped, f u r t h e r  i n t e r p r e t a t i o n s  

o f  t h e  r e s u l t s  were v i r t u a l l y  i m p o s s i b l e .  Although b o t h  o f  t h e s e  

a p p r o a c h e s  s u g g e s t  a d d i t i o n a l  exper iments ,  we f e e l  t h a t  o t h e r  work 

s h o u l d  have h i g h e r  p r i o r i t y .  

On t h e  o t h e r  hand,  t h e  r e sponse  o f  t h e  Ti-Nb t o  t h e  warm-aging 

t r e a t m e n t s  has  been  v e r y  encouraging.  The c r i t i c a l  c u r r e n t  of  t h e  

w i r e  i s  q u i t e  s e n s i t i v e  t o  b o t h  time and t e m p e r a t u r e  v a r i a t i o n s .  

Thus,  i t  a p p e a r s  more c o n s t r u c t i v e  t o  f u l l y  c h a r a c t e r i z e  t h i s  m a t e r i a l  

and  l a y  a s o u n d e r  b a s i s  f o r  any f u t u r e  m u l t i - p r o b e  work. 

The m e t a l l u r g i c a l  c h a r a c t e r i z a t i o n  i n c l u d e s  a s t x d y  of  a t  l e a s t  

30 w i r e  samples ,  where 18 had been p lanned .  Other  measurements 

i n c l u d e  b o t h  l o n g i t u d i n a l  and  t r a n s v e r s e  f i e l d  m a g n e t i z a t i o n  as w e l l  

as T a n d  H measurements.  The e f f e c t  of  c o p p e r - p l a t i n g  on t h e  
C c2  

w i r e  i n  s m a l l  magnets w i l l  a l s o  be checked. 

Dur ing  t h e  n e x t  q u a r t e r  we w i l l  c o n c e n t r a c e  on comple t ing  t h e  

w i r e  sampl ing .  Photomicrographs ,  x-ray d i f f r a c t i o n  and e l e c t r o n  beam 

s t u d i e s  w i l l  b e  completed as w i l l  t h e  a n a l y s e s  o f  m a t r i x  and p r e c i p i -  

t a t e  c o m p o s i t i o n ,  and  p r e c i p i t a t e  s i z e  and d e n s i t y .  Measurements o f  

m a g n e t i z a t i o n  and  T w i l l  have been s e t  up and t e s t s  s h o u l d  be completed.  

A t t e m p t s  w i l l  b e  made t o  c o r r e l a t e  t h e  m e t a l l u r g i c a l  s t r u c t u r e  w i t h  

c r i t i c a l - c u r r e n t  models as determined by t h e  J v e r s u s  H and magnet i -  

z a t i o n  measurements.  

C 

C 
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0.010 in. DlAM Nb-fr LOOP 

SC-I 0.0025 in. DlAM COPPER WIRE 

0.37 in. R 

F i g u r e  l a .  C r o s s - s e c t i o n  of Nb-Zr Loop and Copper S e a r c h  Loops 
Mounted on T e f l o n  Holder. 

COAXIAL CABLE - TO SCOPE 

900 BEND INTO I 
PAGE I 

I 
I 
I 

V 

H (APPLIED) \Q 

F i g u r e  lb. C i r c u i t r y  f o r  Nb-Zr and Sea rch -Co i l  Loops. 
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5 mV/Cm H = 15 kG 

- dH = 500 gauss / sec  
d t  

.. 50 uS/Cm 
I 

F i g u r e  2a.  P u l s e  from SC-1 W i t h  Nb-Zr  Loop i n  t h e  P e r s i s t e n t  Mode 

50 

A m p l i f i e r  

Type E P l u g - i n  

T e k t r o n i c  1 1 2 1  

w i t h  Type L P lug - in  

H = 15 k G  

dH - = 500 gauss / sec  d t  

upper t r a c e :  Iu US/C;m 
lower t r a c e :  1 @/Cm 

F i g u r e  2b. Pulse from SC-1 wi th  Nb-Zr Loop Open C i r c u i t e d .  
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sc-1 

- -  
10 vS/Cm 

Figure 3a. Simultaneous T r a c e s  from SC-1 and Nb-Zr Loop 

Nb-Zr loop 

H = 15 kG 
dH - = 500 gauss/sec a t  

H = 15 kG 

- dH = 500 gauss 
dt 

Figure 3b. Pulse from O . O I O f f  d i a  Copper Wire Loop Substituting f o r  the 
Nb-Zr Loop. 

/see 
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I) 7,6 cm e 

1.63 cm 

(a I 

NORMAL 

SUPER- 
CONDUCT 

I, N 12.5 amp 

Ie = 15.0 amp 

Ht lr31.3 kG 

Hm 12.6 kG 

He = 18.9 kG 

Im = 15.3 amp 

Ie = 10.0 amp 
= I 2 5  kG 

Ht ~ 2 x 9  kG 

Hm= 15.4 kG 

Im ~19.5 OW 

Hm=19.7 kG 
= 5.0 amp 

He = 6.2 kG 
Ht =25.9 kG 

Im = 17.5 amp 

THE EXTERNAL 
FIELD SUPER- 
MAGNET WAS 
REMOVE 0 

Hm= 17.7 kG 

NG 

F i g u r e  5 Mul t i -probe  S o l e n o i d  Cross S e c t i o n  S h o r i n g  Super  and 
Normal Regions  a f t e r  S N - t r a n s i t i o n s  i n  E x t e r n a l  F i e l d s  
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Figure 7 -  Characteristic Microstructure of Ti-22 a/o Nb 
Cold-swaged to 25-mi1, Annealed Two Hours 62 
8 0 0 0 ~  and Oil Quenched. Hardness - 184 KHN 

250X 
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F i g u r e  aa - C h a r a c t e r i s t i c  M i c r o s t r u c t u r e  of  Ti-22 a/o 
Cold-swamd t o  25-mil, Annealed Four Hours 

Nb 
0 

550°C a n i  Oil Quenched, and Cold-Drawn t o  10-mil 
Diameter.  Hardness - 260 KHN. 75ox 

F i p r e  8b - Cross - sec t ion  of 10-mil Wire shown i n  3a. 750X 
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F i g u r e  9a - C h a r a c t e r i s t i c  M i c r o s t r u c t u r e  of  Ti-22 a/o Nb 
Cold-swaged t o  25-mil, Annealed Four Hours @? 
550°C and Oil Quenched, Cold-drawn t o  16-mi1, 
Annealed Two Hours 0 8 0 0 0 ~  and O i l  Quenched, 
and Subsequent ly  Cold-drawn t o  10-mil Diameter.  
Hardness  - 290 KHN. 75ox 

Figure 9b - Cross - sec t ion  of  10-mil Wire shown i n  ha. 2 5 O X  
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F i g u r e  1 0  C h a r a c t e r l s t i c  M i c r o s t r u c t u r e  R e s u l t i n g  from a 
Post-draw Anneal* o f  1560 Minutes  Q 6 5 0 " ~  
(Sample No. 1) Hardness  216 KHN. 750X 

Figure 11 . C h a r a c t e r i s t i c  M i c r o s t r Q c t u r e  R e s u l t i n g  from a 
Post-draw Anneal* of  1 0  Minutes  8 200°C 
(Sample No. 2) HardEess 241 KHN. 75ox 

c 
* P r i o r  t o  t h e  post-draw a n n e a l s  d e s c r i b e d ,  t h e  m a t e r i a l s  i n  

F i g u r e s  6-12 had t h e  following mechanica l - thermal  h i s t o r y :  
1) Cold-swage t o  25-mil d i a m e t e r ;  2 )  four -hour  a n n e a l  @ 550°C 
and o i l  quench; 3)  cold-draw t o  16 m i l s ;  4) two-hour a n n e a l  Q 
8 0 0 " ~  and o i l  quench; 5 )  cold-draw t o  10 m i l  d iameter .  

21 



F i g u r e  12 C h a r a c t e r i s t i c  M i c r o s t r u c t u r e  R e s u l t i n g  from a 
Post-draw Anneal of  3000 Minutes  Q 250°C 
(Sample No. 3 )  Hardness  ,480 K”. 75OX 

F i g d r e  13 C h a r a c t e r i s t i c  Iv l ic ros t ruc ture  R e s u l t i n g  from a 
Post-draw Anneal of  1000 Minutes  Q 250°C 
(Sanple No. 4) Hardness 426 KHN. 75ox 
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8 

Figure 14 - Charactzristic Microstructure Resulting from a 
Post-draw Anneal of 10 Minutes 62 6 0 0 0 ~  
(Sarnple No. 5) Hardness 226 KHN. 75ox 

. 

Figure i5 - Characteristic Microstructure Resulting from a 
Post-draw Anneal of 300 Minutes @ 6 0 0 0 ~  
(Sample No. 6 )  Hardness 236 KHN . 750X 
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F i g u r e  16 - C h a r a c t e r i s t i c  M i c r o s t r u c t u r e  R e s u l t i n g  from a 
Post-draw Anneal  o f  114 Minutes  Q W0"C 
(Sample No. 7) Hardness  211 KHN. 750X 
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Figure 17 C r i t i c a l  C u r r e n t s  i n  Transve r se  Applied Fields f o r  0.010" d i a  
Ti-22:4 ?!b '35z-e after Varlous heat I ' r ea tmen t s .  
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